Three Tsukamurella phages, TIN2, TIN3, and TIN4, were isolated from activated sludge treatment plants located in Victoria, Australia, using conventional enrichment techniques. Illumina and 454 whole-genome sequencing of these Siphoviridae viruses revealed that they had similar genome sequences, ranging in size between 76,268 bp and 76,964 bp. All three phages shared 74% nucleotide sequence identity to the previously described Gordonia phage GTE7. Genome sequencing suggested that phage TIN3 had suffered a mutation in one of its lysis genes compared to the sequence of phage TIN4, to which it is genetically very similar. Mass spectroscopy data showed the unusual presence of a virion structural gene in the DNA replication module of phage TIN4, disrupting the characteristic modular genome architecture of Siphoviridae phages. All three phages appeared highly virulent on strains of Tsukamurella inchonensis and Tsukamurella paurometabola.
T
he genus Tsukamurella contains Gram-positive organisms in the Corynebacteriales (1) and currently includes 11 species (2) . Members of this genus are strictly aerobic and weakly/variably acid-fast, nonmotile, non-spore-forming organisms whose cell envelopes contain long-chain unsaturated mycolic acids (3) (4) (5) (6) (7) (8) .
Together with other mycolic acid-producing genera, including Mycobacterium, Millisia, Nocardia, Rhodococcus, Williamsia, Rhodococcus, and Gordonia, they are often referred to collectively as the mycolata, a group of organisms whose mycolic acids render their cells highly hydrophobic (9, 10) .
The high hydrophobicity and the biosurfactants produced by the mycolata implicate them as stabilizing agents of foams in activated sludge plants (9, 11) . Several Tsukamurella species including T. spumae (12) , T. sunchonensis (13) , and T. pseudospumae (12) have been isolated from these foams. Stable foams complicate sludge management, have a negative impact on plant esthetics, and increase maintenance costs (9) .
Several opportunistic Tsukamurella pathogens are known to exist, thus posing a potential health hazard to plant operators from aerosol foam dispersal (9) . Thomas et al. (14) proposed that a phage therapy biocontrol approach might be an attractive option for treating this global operational problem and successfully isolated 17 phages infective for foaming mycolata from Australian wastewater treatment plants. More mycolata phages have been isolated and described since then (15) (16) (17) (18) (19) (20) (21) . Among them is the TPA2 phage, infective for members of the genus Tsukamurella (15) .
As of March 2015, genomes of 228 phages infective for members of the closely related genus Mycobacterium have been sequenced. To better understand their genomics, Hatfull et al. (22) devised a clustering system that claimed to reveal insights into their evolutionary interrelationships. In this system, TPA2 phage would be placed into their cluster B as its genome organization is similar to that of the Mycobacterium phage Rosebush (15) . Despite this similarity between TPA2 and Mycobacterium phages, little else is known about the extent of genetic diversity of phages infective for Tsukamurella.
In this study, we report the isolation and characterization of three lytic Tsukamurella phages, TIN2, TIN3, and TIN4. These phages were characterized based on their morphologies, host ranges, complete genome sequences, and structural protein analysis using mass spectroscopy (MS) and compared to other phages lytic for members of this genus.
MATERIALS AND METHODS
Isolation and preliminary characterization of phages TIN2, TIN3, and TIN4. The bacterial strains used in this study are listed in Table 1 , and methods for their growth are those described previously (15) . Phage TIN2 was isolated and subsequently purified from an activated sludge sample collected from Bendigo, Victoria, Australia, as detailed elsewhere (15) .
Phages TIN2, TIN3, and TIN4 were isolated on T. inchonensis strain DSMZ 44067 lawn plates from samples from treatment plants in Victoria, Australia. TIN3 and TIN4 phages were obtained from the same sample. Subsequent enrichment experiments then allowed each to be recognized based on its plaque size during phage purification since plaques formed by TIN4 phage were slightly larger (ϳ0.50 mm) than those formed by TIN3 phage (ϳ0.25 mm), as discussed later.
Host range determinations and preparation of grids for transmission electron microscopy (TEM) visualizations of virions were performed as described previously (15) . The carbon-and Formvar-coated grids (Electron Microscopy Sciences, Australia) were stained with 2% uranyl acetate and examined using a Tenaci Fei T30 transmission electron microscope at an accelerating voltage of 300 kv.
Genome sequencing of bacteriophages TIN2, TIN3, and TIN4. Genomic DNA was extracted from phage TIN2 and sequenced using a Roche GS FLX genome sequencer and titanium chemistry (15) . Genomic DNA was extracted from phages TIN3 and TIN4 in the same manner, and DNA sequencing libraries were prepared using an Illumina Nextera XT sample preparation kit as per the manufacturer's instruction. The prepared DNA libraries were sequenced on an Illumina MiSeq as a 150-bp paired-end run. Sequence reads were assembled for all three phages using the CLC Workbench version (version 6.5.1).
Genome annotation. The genome open reading frames (orf genes) within the de novo-assembled sequences were detected initially using Glimmer (version 3.02), where orf genes as small as 90 bp were revealed (23) . All predicted start codons were inspected for the presence of putative ribosomal binding sites and corrected manually if required. Sequence similarity searches were carried out against the GenBank database. The presence of tRNA and transfer-messenger RNA (tmRNA) was also determined using ARAGORN (24) and tRNAScan-SE (25) . Transmembrane domains were predicted with the DAS Transmembrane Prediction Server (26) .
Mass spectroscopy of phage proteins. To identify phage structural proteins, high-titer purified phage particles (PFU/ml of Ͼ10 10 ) were precipitated using (NH 4 ) 2 SO 4 , followed by a second precipitation with ZnCl 2 . Pellets were resuspended in 8 M urea to a final volume of 100 l prior to analyses at the Mass Spectroscopy and Proteomics Facility at the La Trobe Institute of Molecular Sciences (Melbourne, Australia). Peptides reconstituted in 0.1% formic acid and 2% acetonitrile (buffer A) were loaded onto a trap column (C 18 PepMap, 300-m inner diameter [i.d.], 2-cm trapping column [Thermo-Fisher Scientific, Scoresby, Australia]) at 5 l/min for 6 min and washed for 6 min before switching the precolumn in line with the analytical column (Vydac MS C 18 , 75-m i.d. by 25 cm; Grace Davison). The separation of peptides was performed at 300 nl/min using a linear acetonitrile (ACN) gradient of buffer A and buffer B (0.1% formic acid, 80% ACN) from 5% buffer B to 40% over 60 min. Data were collected on a hybrid quadrupole/time of flight MS (MicroTOF-Q; Bruker, Germany) with a nano-electrospray ion source in the data-dependent acquisition mode and an MS scan range of m/z 150 to 2,500. Nitrogen was used as the collision gas. The ionization tip voltage and interface temperature were set at 4,200 V and 205°C, respectively. Collision-induced dissociation (CID) tandem MS (MS/MS) spectra were collected for the four most intense ions. Dynamic exclusion parameters were set as follows: repeat count, 2; duration, 60 s. The data were collected and analyzed using data analysis software (Bruker Daltonics, Bremen, Germany).
Nucleotide sequence accession numbers. The nucleotide sequences for phages TIN2, TIN3, and TIN4 have been deposited in the GenBank under accession numbers KR011062, KR011063, and KR011064, respectively.
RESULTS AND DISCUSSION
Isolation and characterization of TIN2, TIN3, and TIN4 phages. Samples of activated sludge were screened for the presence of virulent phages by enrichment and plaque plating on lawn plates of Tsukamurella inchonensis (DSMZ 44067). Three phages were detected and named TIN2, TIN3, and TIN4. TIN2 and TIN3 produced plaques with an average size of ϳ0.25 mm, and TIN4 plaques were slightly larger, with an average size of ϳ0.5 mm. All three purified phages were then screened against the 73 mycolata isolates, which came mainly from activated sludge plants, held in the La Trobe University culture collection (11) . They included species of Gordonia, Nocardia, Rhodococcus, Mycobacterium, Skermania, and Tsukamurella. As well as lysing T. inchonensis strain DSMZ 44067, all three phages lysed another T. inchonensis strain as well as three strains of Tsukamurella paurometabola ( Table 1) .
The identical host ranges of phage TIN2, TIN3, and TIN4 suggested that they might be similar genetically. Polyvalency has been reported for Tsukamurella phage TPA2, which lysed strains of T. paurometabola, T. pulmonis, T. tyrosinosolvens, T. pseudospumae, and T. spumae (Table 1) (15) .
When the three phages were screened against other T. paurometabola strains, including DSMZ 20162 and IMRU1283, no plaque formation occurred with any of them. A similar level of stringent strain specificity has been observed in other actinophages (15) (16) (17) (18) (19) (20) (21) 27) . Possible explanations include an absence of a compatible receptor site in the resistant host cell, absence of appropriate molecular machinery to support infection, or possession of phage resistance systems like clustered regularly interspersed repeat (CRISPR) systems, restriction modification (RM) systems, and abortive infection (Abi) systems (28) .
TIN2, TIN3, and TIN4 phages are all members of the family Siphoviridae. Phages TIN2, TIN3, and TIN4 all display an isometric capsid and a long noncontractile tail, characteristic of phages belonging to the Siphoviridae (Fig. 1) . All three phages demonstrated very similar morphologies, with each having type B1 isometric capsids (29) ranging from ϳ57 to ϳ69 nm in size and tails ranging from ϳ450 to ϳ471 nm in length.
Phages TIN2, TIN3, TIN4 are all genetically very similar. The genome sequence of TIN2 phage was obtained with Roche/454 T   DSMZ 44067  TIN2, TIN3, TIN4  8  CON52  NCTC10741  TIN2, TIN3, TIN4  40 T. paurometabola CON37 T   Tpau37, ATCC 25938  TPA2  7  CON51  DSMZ 20162  TPA2  7  CON53  IMRU1283  TPA2  41  CON54  M337, IMRU1505  TPA2, TIN2, TIN3, TIN4  6  CON55  M343, IMRU1312  TPA2, TIN2, TIN3, TIN4  41  CON61  M334, IMRU1520, DSMZ44119  TPA2, TIN2, TIN3, pyrosequencing that generated 47,091 reads, with an average of 224-fold coverage following assembly. The genome sequences of phages TIN3 and TIN4 were generated with Illumina sequencing that gave 1,432,104 and 712,336 reads, respectively. When assembled, the genomes of phages TIN3 and TIN4 had averages of 1,987-fold and 900-fold coverage, respectively. The TIN2, TIN3, and TIN4 phages possessed double-stranded DNA genomes of 76,964 bp, 76,269 bp, and 76,268 bp, respectively. Phage TIN2, TIN3, and TIN4 genomes had GϩC contents of 58.9 mol%, 59.3 mol%, and 59.3 mol%, respectively, which are lower than those of their corresponding hosts, which range between 67 and 78 mol% (30) . All three phage genomes contained a single tRNA
Asn that might aid in the acquisition of rare codons (31, 32), but no tmRNAs were detected.
An alignment of these genome sequences demonstrated that they are very similar to each other and also to the sequence of phage GTE7, as shown in Fig. 2 and Table S1 in the supplemental material (18) . Whole-genome alignments showed that phage TIN2 shared high levels of nucleotide sequence identity (89% identity) with both TIN3 and TIN4. However, among the three, phages TIN3 and TIN4 are most similar, with the TIN3 genome differing from that of TIN4 by a single short variable region of 20 bp located in the lysis module in TIN3. In all three, genes are oriented in both forward and reverse orientations, with 107 to 109 putative orf genes in total and 34 arranged in a forward orientation in each. Only 21 to 23% of these putative genes in each could be annotated functionally, and a high number of ORFans (orphan genes, without known homologues in other organisms) of unknown function were present in all three genomes (see Table S1 ).
Genomes of all three phages are largely modular, being organized with genes of similar functions clustered together in DNA packaging, head and tail morphogenesis, cell lysis, and DNA replication/maintenance modules. In the absence of an obvious origin of replication in any of these phages, all orf genes were numbered consecutively, starting with the small terminase gene, and in the same transcriptional direction as this gene (orf1).
Sequence repeats occur in all three Tsukamurella phage genomes. Several repeat structures were identified in these sequences, as summarized in Tables S2 and S3 in the supplemental material. All three contained 11 or 12 palindromes ranging from 16 to 54 bp in size. The majority of these were located intergenically, where they might act as rho-independent transcriptional terminators (43) . All three phage genomes contained 16 or 17 inverted repeat structures ranging in size from 16 to 68 bp. These repeat structures may be associated with replication origins (44) and transposable elements, but neither were seen here.
A total of 17 to 19 direct repeat structures were also identified in each of the genomes, ranging in size from 16 to 246 bp. Similar repeat structures have been observed in Tsukamurella phage TPA2 (15) as well as in other mycolata phages (21) , where similar hypotheses have been proposed for their possible functions.
Genome annotation of phages TIN2, TIN3, and TIN4. Annotations of the TIN2, TIN3, and TIN4 genomes are summarized in Table S1 in the supplemental material and clearly demonstrate how similar they are at the amino acid level.
The packaging modules of TIN2, TIN3, and TIN4 phages contain genes orf1 and orf2, which encode the large and small terminase subunits, respectively. Typically, these two genes function together as a complex, with the small terminase subunit determining the specificity of DNA packaging (35) while the large terminase subunit mediates cleavage of the phage DNA packaged into the prohead (36) .
The phage structural module was located immediately downstream of the DNA packaging module in all three genomes. All contained within this a conserved translational slippage mechanism commonly seen in Siphoviridae phages (37), located in the two genes immediately upstream of the putative tape measure protein encoded by orf18. These genes are thought to function in tail assembly (37) . The same slippage mechanism was also seen in phage GTE7 (18) .
The phage lysis module is located after the structural genes in all three genomes and typically consists of one or more phage lysin genes located adjacent to a phage holin gene. Together, these lysins and holin are responsible for the release of phage progeny at the end of the replication cycle (38) . orf29 in all three phages appears to encode one of the phage lysis enzymes as it shares between 74 and 77% identity to a lysozyme-encoding gene from phage GTE7. orf30 in all three phages may encode holins as their transcribed and translated proteins all share amino acid sequence similarities to the Gp54 protein of Tsukamurella phage TPA2, identified previously as a putative holin (15) . However, Gp54 does not satisfy the listed criteria (39) for such a protein, which should be less than 150 amino acid residues in size and contain two or more transmembrane regions. As neither occurs here, its function remains unclear.
A second putative lysin is encoded by orf31 in all three phages and shares between 74 and 75% of its protein amino acid sequence identity with a putative peptidase gene of phage GTE7. It also contains the peptidase motif pfam01551. orf32 in all three might also encode a holin protein as its translated protein is 152 amino acids in size, which is close to the 150 amino acids suggested to be its likely size (39) , and contains between four and five transmembrane regions.
Immediately downstream of the phage lysis module in all three phages are the genes responsible for DNA replication/maintenance. More differences between the genome of phage TIN2 and the genomes of phages TIN3 and TIN4 were noticed here. Several motifs are present in the putative genes in this module in phage TIN2 that were absent from phages TIN3 and TIN4. For example, in the genome sequences of phage TIN2, orf38 shares 49% identity to gp034 of phage GTE7 and encodes a motif for a prolipoprotein diacylglyceryl transferase (PRK131008). This motif was absent from the equivalent gene (orf37) in phages TIN3 and TIN4, which shared only 57% identity to the product of gp034 of phage GTE7. Orf40 in all three phages shares 86 to 87% amino acid sequence identity to the DNA methylase in phage GTE7 and possesses the pfam01555 motif indicative of a DNA methylase. Thus, orf40 might aid phage resistance to any host restriction modification systems for cleaving foreign DNA (28) .
No genes like those encoding integrases, excisionases, and repressor proteins associated with lysogeny (33) were identified in these genomes, suggesting that all are highly virulent phages. This would be an attractive attribute in any potential application for phage control of its Tsukamurella host.
Structural proteomics of TIN2, TIN3, and TIN4 virions. Structural genes appear to be located from orf7 to orf18 in all three phages. Mass spectroscopy studies confirmed this function for the orf7, orf8, and orf15 genes in phage TIN2 and the orf7, orf8, and orf89 genes in TIN4 (see Table S4 in the supplemental material). Because phages TIN3 and TIN4 were genetically very similar, TIN3 phage proteins were not analyzed. The function of Orf89 as a structural protein gene in phage TIN4 is unusual as it is located in the DNA replication/maintenance module, thus disrupting the otherwise expected modular structure of these genomes. This arrangement is likely to hold for TIN3 phage as well, where the same motifs (see Table S4 ) are present in Orf89. What functional attribute this gene plays in virion morphogenesis remains to be determined.
TIN3 contains mutations in the lysis module. The phage lysis module in TIN3 phage appears to extend from orf29 to orf32 and contains putative holin-encoding genes (orf30 and orf32) and two putative lysin genes (orf29 and orf31). Phage genomes of TIN3 and TIN4 differ only in their sequences within one gene (orf29) by 20 bp in TIN3, where it appears to result in a missense mutation. Subsequently, a truncated phage lysis/lysozyme would be expected to be synthesized compared to that formed in phage TIN4. Whether this mutation in phage TIN3 contributes to reduced phage replication kinetics or rates of cell lysis remains to be determined.
Phages TIN3 and TIN4 had been separated, as described earlier, on the basis of plaque size and morphology after infection of the same T. paurometabola strain from the same wastewater sample. Thus, it could be argued that this 20-bp mutation may be the basis for this observed difference in plaque size. It is possible that these two phages represent variants of the same phage, with phage TIN3 having undergone several genetic mutations. The second putative lysin gene is encoded by orf31 in all three phages, so if Orf29 is rendered dysfunctional by mutation, Orf31 alone might facilitate host cell lysis.
Evolutionary relationships of phages TIN2, TIN3, and TIN4. The high degree of genome sequence similarity of the three Tsukamurella phages suggests a common evolutionary ancestry, most strikingly displayed with phages TIN3 and TIN4, where the only difference is in the putative lysin gene orf29 in TIN3. Several putative indels were seen after their genome sequences were compared. For example, their putative tape measure protein genes (orf18) differed in size by only 9 bp, consistent with either a putative insertion or deletion event having occurred. Several putative substitution events were also noticed in the putative holin-encoding orf32 gene. This gene in all three phages has the same length and has a similar sequence but produces different best-match results after a BLAST search using the GenBank database. Here, the closest relative of orf32 from TIN2 is found in Mycobacterium phage Jolie1 while the homologues in TIN3 and TIN4 are most similar to the homologue in phage 39HC.
The only sequenced lytic Tsukamurella phage genome published to date is that of phage TPA2, which contains several chimeric genes. However, none of these were seen in the genomes of the TIN2, TIN3, and TIN4 phages (15) . Yet possible evidence for recombination events resulting in new modular arrangements of genes, like those seen in phage TPA2 (15) , was noticed here. A good example is in the genome sequences of phages TIN3 and TIN4, where the translated amino acid sequence of genes orf54 to orf57 in both show high sequence similarities to genes gp051 to gp054 in phage GTE7. Following these genes in phages TIN3 and TIN4 are three novel genes (orf58 to orf60) and a GTE7 phage gene encoding a gp056 protein homologue (Orf61). Furthermore, several genes in the phage GTE7 genome are absent from the genomes of phages TIN2, TIN3, and TIN4. For example, the third lysin gene of phage GTE7, gp040, has no homologue in any of the three phages characterized here. This finding might indicate that some of these genes are accessory elements and superfluous to core phage functions, or perhaps their roles are carried out by other genes in these TIN phages.
The only protein detected in the three Tsukamurella phages described here that is similar in its amino acid sequence to any of the proteins present in the previously characterized Tsukamurella phage TPA2 is the orf30 protein that is a homologue of Gp054, the holin gene in phage TPA2. The high degree of nucleotide sequence similarity between these three Tsukamurella phages and the phage GTE7 infective for certain members of the genera Gordonia and Nocardia (18) makes their host range differences surprising.
The three Tsukamurella phages described here could not be assigned to any cluster in the scheme of Hatfull et al. (22) and, instead, group with a similarly unrelated singleton phage. As several phages of this type exist that are likely to be related evolutionarily, perhaps this Mycobacterium phage grouping scheme should be extended to include a new cluster for phages ReqiDocB7, GTE7, TIN2, TIN3, and TIN4 (18, 34) .
Conclusions. The isolation of three genetically very similar Tsukamurella phages has provided insights into their genomics and evolution. These include identifying mutations within the lysis module of phage TIN3 alone. Mass spectroscopy data suggest the presence of a structural protein gene within the DNA replication module of phage TIN4, disrupting its expected modular genome architecture. Furthermore, TIN2, TIN3, and TIN4 phages are genetically quite different from the Tsukamurella phage TPA2 (15). The three phages described here were highly virulent on all the T. inchonensis strains from our culture collection and on some T. paurometabola strains. In contrast, TPA2 did not form plaques on T. inchonensis but was highly virulent on the remainder of the Tsukamurella strains listed in Table 1 (15) . This work demonstrates the genetic diversity among Tsukamurella phages isolated from activated sludge.
